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Introduction 49
Hydrogen sulfide (H 2 S) is a flammable and colorless potent toxic gas with a "rotten 50 egg" odor that has generally been considered as an environmental hazard (Chou et The exact molecular and cellular mechanisms behind H 2 S-induced neurological 90 disorders are poorly understood and this is the main reason responsible for delayed 91 development of drugs for treatment of H 2 S-induced acute toxicity, though a few toxic 92 mechanisms have been suggested. For example, cytochrome c dependent apoptosis 93 with DNA damage was previously reported to play a role in H 2 S-induced neurotoxicity 94 (Kurokawa et al. 2011 ). Glutamate-induced cytotoxicity was also reported to be involved 95 in H 2 S exposure-induced neurotoxicity (Cheung et al. 2007 ; Garcia-Bereguiain et al. 96 2008) . Reduction of glutathione (GSH), an antioxidant, and generation of ROS have 97 also been shown to play a role in vitro (Truong et al. 2006) . Most of these studies were 98 done in vitro and have not been confirmed in in vivo animal models. There is still a wide 99 knowledge gap in understanding the mechanisms of H 2 S-induced neurotoxicity. Closing 100 this gap is critical for the development of novel therapeutic antidotes. 101
In this study, we used a relevant inhalation mouse model of H 2 S-induced neurotoxicity 102 developed in-house to study molecular mechanisms of acute H 2 S-induced neurotoxicity 103 using transcriptomic analysis. This mouse model manifests motor and behavioral 104 deficits, respiratory depression, seizures, and knock-down, recapitulating the human 105 condition (Anantharam et al. 2017) . In this study, we have shown that magnetic 106 resonance imaging (MRI) analysis from live mice exposed to H 2 S revealed 107 neurodegeneration in the inferior colliculus (IC) and in the thalamus (TH). We focused 108 on the neurodegeneration in the IC, the most severely affected region, and showed that 109 transcriptomic analyses of the IC of mice acutely exposed to H 2 S had multiple 110 modulated biological pathways and potential upstream regulators. Among these, the 111 PI3K/Akt and MAPK signaling pathways were activated following acute H 2 S exposure. 112
We showed that microglia and astrocytes released the pro-inflammatory cytokines, IL-113 1β and IL-18. This data provides valuable information on molecular targets which may 114 play an important role in the development of novel antidotes or therapies for acute H 2 S-115 induced neurotoxicity. Hydrogen sulfide gas [CAS 7783-06-4] was purchased from Airgas (Radnor, PA). 120
RNeasy mini kit was purchased from Qiagen (Germantown, MD). High Capacity cDNA 121 RT kit were purchased from ThermoFisher Scientific (Waltham, MA). RT² SYBR Green 122 ROX qPCR Mastermix and primers for Gapdh were purchased from Qiagen (Valencia, 123 CA). 124
Animals 125
For transcriptomic analysis, mice were exposed to H 2 S either once, twice or 4 times. 140
Mice exposed once reflect the typical human accidental exposure scenario. Mice 141 exposed 2 or 4 times were used for comparison to the typical one-time exposure. Mice 142 were exposed by whole body inhalation either to normal breathing air from a tank 143 (Control) or to 700ppm H 2 S for 40 min on day 1 for mice which received one exposure. 144
For mice which received 2 exposures, they were exposed to 700ppm H 2 S for 40 min on 145 day 1 and for 15 min on day 2. For mice which received 4 exposures they received 146 700ppm H 2 S for 40 min on day 1 and for 15 mins per day on subsequent days up to day 147 4 ( Fig. 1 ). Control group mice were exposed to breathing air daily for 4 days. We 148 chose this H 2 S exposure level of 700 ppm because we are mimicking high dose 149
exposures as would be encountered during terrorism incidents or accidents in which 150 concentrations of H 2 S exceed 500 ppm. The duration of exposure in field accidents can 151 vary depending on how quickly first responders get to the site, terrain, etc. For our 152 studies, exposure duration was based on preliminary dose-response and time course 153 studies (Anantharam et al. 2017 Gapdh were purchased from Qiagen (Valencia, CA). The threshold cycle (C t ) was 188 calculated from the instrument software, and fold change in gene expression was 189 calculated using the C t method as described earlier ). Primer 190 sequences will be provided upon request. 191
Western blot analysis 192
For Western blot analysis mice were exposed to H 2 S once a day for up to 7 days. 193 Mice were exposed to 700ppm H 2 S for 40 min on day 1 (single exposure) or to 700ppm 194 H 2 S for 40 min on day 1 and for 15 min per day on subsequent days up to day 7 (2 to 7 195 exposures). Control group mice were exposed to breathing air from a tank daily for 7 196 days ( Fig. 4 ). Following rapid decapitation, brains were immediately removed from the 197 skull. The IC of three mice in each group were microdissected on ice and immediately 198 flash frozen using liquid nitrogen and stored at -80°C until further use. Samples were 199 lysed with modified RIPA lysis buffer 1% Triton X-100, 1 mM EDTA, 100 mM NaCl, 1 200 mM EGTA, 1 mM NaF, 20 mM Na 4 P 2 O 7 , 2 mM Na 3 VO 4 , 10% glycerol, 0.1% SDS, 0.5% 201 deoxycholate, 50 mM Tris-HCl, and pH 7.4) via sonication, followed by centrifugation as 202 described previously ). Briefly, the samples containing equal amounts of 203 proteins were loaded and fractionated in SDS-PAGE gel and transferred onto a 204 nitrocellulose membrane overnight at 4°C. Membranes were blocked with 5% bovine 205 serum albumin in TBS supplemented with 0.1 % Tween-20. Primary antibodies against 206 specific proteins were incubated with the membrane overnight at 4°C. 207
The antibodies detecting phosphorylated proteins were purchased from Cell Signaling 208 Technology (Cell Signaling Technology, Danvers, MA). Primary antibodies against PKA 209
Cα, PI3K and pan-Akt were purchased from Cell signaling (Cell Signaling Technology, 210
Danvers, MA). Primary antibodies against ATF2, and CREB-1 were purchased from 211 Santa Cruz Biotechnology (Santa Cruz Biochnoloby, Dallas, Tx). After rinsing 212 thoroughly in PBS supplemented with 0.1% Tween-20, the membrane was incubated 213 with secondary antibodies. For the loading control, β-actin antibody was used. 214
Immunoblot imaging was performed with an Odyssey Infrared Imaging system (LI-COR, 215
Lincoln, NE). ImageJ software (National Institutes of Health, Bethesda, MD) was used 216 to quantify Western blot bands of targeted proteins. 217
Magnetic resonance imaging analysis 218
For proof-of-principle, mice for MRI analysis were exposed by whole body inhalation 219 either to normal breathing air from a tank (Control) or to 700ppm H 2 S for 40 min on day 220 1 and for 15 min per day on the subsequent 6 days ( Fig. 6 ). Five mice in each group 221 were transported to University of Iowa where MRI scanning was performed. MRI was 222 performed using a Discovery MR901 7T small animal imager (GE Healthcare) at the 223 University of Iowa, Iowa City, IA. Mice were anesthetized with isoflurane (3% in an 224 induction followed by 1.5% via a nose cone for maintenance at 0.8 l/min flow rate in 225 oxygen). Mice were kept warm during imaging. For T2 weighted imaging of the whole 226 brain, a fast spin echo sequence was used (TR = 9100 ms, TE = 80 ms, matrix 256 × 227 192, number of slices = 40, field of view = 2.5 × 1.9 cm, slice thickness = 0.4 mm, 12 228 echoes, echo spacing = 8.9 ms, number of averages = 10, total acquisition time approximately 18 min). Brain lesion sizes were quantified using ImageJ software (NIH) 230 by measuring the area of lesions. 231
Cell culture and quantitative RT-PCR for inflammatory response analysis 232
Mouse microglial cells, MMC, were kindly gifted from Dr. Anumantha Kanthasamy 233 (Iowa State University, Ames, IA). MMC cells have been shown to mimic neonatal 234 primary mouse microglia and to be a good mouse microglia model for neurotoxicity 235 study (Sarkar et al. 2018b ). U373 are established astrocytoid cells from human 236 astrocytoma cell line and are suitable for neurotoxicity studies (Sarkar et al. 2018a) . 237 U373 and MMC were maintained in DMEM/F-12 media supplemented with 10% fetal 238 bovine serum, 2 mM L-glutamine, 50 units of penicillin, and 50 μg/ml of streptomycin in 239 a humidified incubator with 5% CO 2 at 37°C as described previously (Kim et al. 2017) . 240
Cells were seeded to confluent at 50% next day. Cells were exposed to 1 mM of 241 Sodium hydrosulfide (NaHS) [CAS 16721-80-5] for 6 h before harvesting total RNA. 242
Total RNAs were used to produce cDNA for quantitative RT-PCR. 243
Statistical analysis 244
Data were analyzed using Prism 4.0 (GraphPad Software, San Diego, CA). Non-245 paired Student's t-test was used when two groups were being compared. Differences 246 were considered statistically significant at p-values <0.05. Data are represented as the 247 mean ± S.E.M. of at least two separate experiments performed at least in triplicate. 248
Results 249
3.1 Acute exposure to H 2 S induced brain lesions in thalamus and inferior colliculus in 250 C57 black mice. 251
A previous study of ours revealed that H 2 S exposure induced overt necrosis most 252 consistently in the IC (Anantharam et al. 2017) . It is for this reason that we chose to 253 study the IC in this experiment. In this study, we sought transcriptomic profiling analyses 254 in the IC of H 2 S-exposed mice to search for key molecules involved in H 2 S-induced 255 neurotoxicity at various time points as previously described (Fig. 1 ). Immediate 256 response was measured at 2 h post a single H 2 S exposure. Early response was 257 measured at 26 h post H 2 S exposure (mice were subjected to 2 acute H 2 S exposures 258 24 hrs apart and euthanized 2 h after the second exposure). The late response was 259 measured following 4 days of acute H 2 S exposure. Mice exposed to H 2 S showed motor-260 behavioral deficits, respiratory depression, seizures and knock-down phenotype as The IC was used for transcriptomic profiling analysis because it is one of the two most 272 sensitive brain region following acute H 2 S exposure following the exposure paradigm 273 used in this study. Transcriptomic profiling analyses of the IC were performed at 2 h, 274 day 2, and day 4 after H 2 S exposure (see shown in the Venn diagram ( Fig 1B) . 171, 142, and 247 genes were upregulated after 277 H 2 S exposure, respectively at 2h, 26h, and 4 days, respectively. 112, 51, and 49 genes 278 were downregulated following H 2 S exposure, at 2 h, 26 h, and 4 days, respectively. The 279 genes that are up-regulated and down-regulated in common at all three time points are 280 shown in the heatmap in Fig. 2 . 281
RNA-seq analysis of gene expression changes in the IC after H 2 S exposure. Expression 284
of DEGs at immediate, early, and late response to H 2 S exposure are shown in heat map 285 view. Genes with higher expression levels are shown in red, whereas genes with lower 286 expression levels are shown in green. Gene names and gene ontology of biological 287 pathways are shown in the right panel. 288 289 3.3 H 2 S exposure caused dysregulation of molecular biological pathways in the IC 290
Differentially expressed genes were used to analyze the dysregulated molecular 291 biological pathways in the IC following H 2 S exposure. The top 10 dysregulated 292 pathways are listed in table 1. Results show that a single H 2 S exposure and two acute 293 H 2 S exposures shared many common altered pathways including unfolded protein 294 response, coagulation system, and NRF2-mediated oxidative stress responses. A single 295 H 2 S exposure by itself induced multiple dysregulated biological pathways (Table 1) . In 296 contrast, 4 days of repeated daily H 2 S exposures induced inflammation-related 297 pathways ( Table 1 ). The top 10 potential upstream regulators were also analyzed (table  298 2) for each time point. Note that factors related to initiation of the inflammatory response 299 were found to be common throughout the study period, including 2 hrs following a single 300 exposure (immediate response) ( whereas lower value of z-Score for inactivation of potential upstream regulator. 317 318
Validation of gene expression profiles using quantitative real-time PCR 319
Quantitative real-time PCR of selected genes was performed to validate the gene 320 expression profiles in the IC. Results show that genes that were significantly 321 differentially expressed were shown to have similar trends with results of quantitative 322 real-time PCR (Fig. 3 ). Selected genes that were differentially expressed in common 323 throughout H 2 S exposure are shown in Fig. 3 . shown to be dysregulated by acute H 2 S exposure ( Table 1) . Phosphorylation of Akt at 343 threonine 308 and at Serine 473 was increased by more than two fold at 2h following a 344 intensities of Western blotting in A were measured and visualized in graph view. 364
Significant differences were determined by t-test with comparison to the breathing air 365 control group and were indicated with *(p<0.05) or **(p<0.01). increased more than three-fold during the immediate and early phases of acute H 2 S 375 exposure ( Fig 5) . Phosphorylation of p38 MAPK at Thr 180 / Tyr 182 was increased 376 more than four-fold ( Fig 5) . However, ERK1/2 expressions were not altered during H 2 S 377 exposure (data not shown). Nonetheless, the expression of the activating transcription 378 factor 2 (ATF2), one of the downstream substrates of p38 MAPK and SAPK, was 379 increased during the early and late phases of H 2 S exposure ( Fig 5) . Expression of 380 cAMP responsive binding protein 1 (CREB-1), another downstream substrate of SAPK signaling pathway, was also increased after H 2 S exposure ( Fig 5) . Expression of Fos 382
and JunB were shown to be increased at the transcription level (Fig 3) . Activation of the MAPK signaling pathways in the IC after H 2 S exposure was measured 387
with Western blotting analyses. A, Phosphorylation of SAPK/JNK at T183/Y185 was 388 increased after H 2 S exposure compared to the breathing air control group. 389
Phosphorylation of p38 was increased at the immediate and early response times 390
following acute H 2 S exposure. Expression of ATF2 was upregulated at early and late 391 response to H 2 S exposure compared to the breathing air control group. B, band 392
intensities of Western blotting in A were measured and visualized in graph view. 393
Significant differences were determined by t-test with comparison to breathing air 394 control group and were indicated with *(p<0.05) or **(p<0.01). 395 396 3.7 MRI revealed injury of the IC and thalamus following acute H 2 S exposure 397
Previously, we reported that H 2 S exposure induced histological lesions in the IC and TH 398 Mice were acutely exposed to H 2 S daily for 7 days, followed by scanning T2-weighted 408 MRI. A scheme of the exposure paradigm is shown (A). The MRI images of the IC and 409 TH regions are shown (B). Hydrogen sulfide exposure lesions in IC and TH were 410 measured and visualized in graph view (C). The late phase of H 2 S exposure was shown to involve many biological pathways 416 related to inflammation. To identify the cell types involved in the inflammatory response 417 in acute H 2 S-induced neurotoxicity, astrocyte and microglial cells were tested in vitro. 418 donor, for 6h. IL-1β was upregulated in both microglial and astrocyte cells, while IL-18 420 was upregulated in microglial cells (Fig 7) . Mouse microglial cells and human astrocyte cells were exposed to 1mM of sodium 424 hydrosulfide (NaHS) for 6 h. Expression of IL-1β and IL-18 was examined using 425 quantitative RT-PCR. Gene expression was compared to control group. Gapdh was 426 used as internal reference gene. Significant differences were determined by t-test with 427 comparison to breathing air control group and were indicated with **(p<0.01) or 428 ***(p<0.001). to late response to H 2 S exposure (following repeated short acute exposures). 447
Transcriptomic profiling analyses showed that H 2 S exposure significantly induced DEG 448 profiling involving multiple dysregulated biological pathways, even following a single 449 acute exposure. 450
One phenotype of H 2 S intoxication is seizure activity. Seizure activity can be induced 451 by dysregulation of neurotransmitters in the central nervous system (CNS). Previous 452 work from our laboratory has shown that acute H 2 S exposure increases brain dopamine The transcriptomic profiling analysis also revealed that gamma-aminobutyric acid 459 (GABA) signaling pathway was dysregulated at the immediate (single exposure) and 460 early response phases 2 h after the second dose of acute H 2 S exposure. GABA 461 transporters including solute carrier family 6 member 12 and solute carrier family 6 462 member 13 were upregulated at the immediate response phase (2 h after a single acute 463 H 2 S exposure). Several GABA receptor subunits including GABA type A receptor 464 alpha6 subunit and GABA type A receptor rho2 subunit were also upregulated in the 465 early response phase. Previous work showed an increase of the glutamate:GABA ratio Hydrogen sulfide is well known to induce vasodilation (Lavu et al. 2011 ). Endothelin1 482 (Edn1) works as an endothelium-derived vasoconstrictor. Edn1 was consistently 483 upregulated more than two folds after H 2 S exposure. In addition, genes associated with 484 activation of coagulation system were upregulated. Specifically, coagulation factor III 485 (F3), plasminogen activator tissue type (Plat), plasminogen activator urokinase receptor 486 (Plaur), and serpin family E member 1 (Serpine1) were all upregulated 2 h following a 487 single acute H 2 S exposure, suggesting blood vessel injury and brain hemorrhage. F3, 488 plat, and plaur were upregulated 2 h after a single acute H 2 S exposure and after two 489 acute exposures (early response), while alpha-2-macroglobulin (A2m) and von 490
Willebrand factor (Vwf) were upregulated from early response (2 exposures to H 2 S) to 491 late response (4 exposures to H 2 S). These results further support our previous findings 492 that H 2 S exposure may induce hemorrhage in the IC, suggesting a breach of the blood 493 brain barrier may play a role in H 2 S-induced neurotoxicity (Kim et al. 2018a) . 494
Considering that the IC requires high blood supply for playing a role as a hub for 495
hearing (Huffman and Henson 1990) , this region has a dense blood capillary network. 496
We postulate that H 2 S-induced blood vessel injury and subsequent hemorrhage in the 497 IC may also contribute to hypoxic conditions in the IC. 498
We have previously shown that H 2 S exposure activated the hypoxic signaling pathway phases. Concomitantly, PI3K was significantly upregulated at the immediate and early 505 response phases. In addition, PKA was also activated at the immediate and early 506 phases following acute H 2 S exposure. p70 S6K, one of substrates of Akt signaling 507 pathway, was also activated immediately at the immediate phase following acute H 2 S 508 exposure. Collectively, this data indicates that H 2 S exposure induced hypoxic conditions 509 in the IC which then activated the Akt pathway for the survival of neuronal cells in the IC. 510
This study also provided more evidence on the involvement of oxidative stress in the 511 pathogenesis of acute H 2 S-exposure. Hydrogen sulfide exposure consistently induced 512 oxidative stress response in the IC throughout the course of this study, starting from 2 h 513 following a single acute exposure (immediate) to following 4 exposures (late response). was upregulated in the IC of H 2 S exposed mice more than two to three folds. Apoptosis were also consistently upregulated after H 2 S exposure following either a single 555 exposure (immediate), two exposures (early), and 4 exposures (late). Collectively, this 556 data implicates the endoplasmic stress and unfolded protein response as a potential 557 key mechanism leading to cell death following exposure to acute H 2 S poisoning. It may 558 be worthy to explore targeting this pathway as a potential therapeutic approach for 559 treatment of acute H 2 S-induced neurotoxicity. 560
The cell death signaling pathway was dysregulated 2 h following a single acute 561 exposure to H 2 S. For example, expression of the anti-apoptotic gene, Bcl-2, was 562 downregulated 2 h after a single H 2 S exposure. p53 signaling pathway which senses 563 DNA damage was also activated at 2 h following a single acute H 2 S exposure. Cyclin 564 D2 (Ccnd2), cycline-dependent kinase inhibitor 1A (Cdkn1a), growth arrest and DNA 565 damage inducible gamma (Gadd45g), tumor protein p53 inducible nuclear protein 1 566 (Trp53inp1), and Fas were also upregulated 2 h following a single acute exposure to 567 H 2 S (immediate response), indicating early activation of the p53 signaling pathway. Fat 568 atypical cadherin 2 (Fat2) is a tumor suppressor gene which plays a role in controlling 569 cell proliferation (Katoh 2012 ). Expression of Fat2 was consistently upregulated 570 following H 2 S exposure indicating that cell death signaling was activated. Cd93 is a cell-571 surface glycoprotein and was shown to be involved in intercellular adhesion and in the 572 clearance of apoptotic cells. Consistent upregulation of Cd93 following H 2 S exposure 573 may indicate that H 2 S exposure induced cell death during H 2 S exposure. However, 574
NFkB inhibitor, alpha (Nfkbia), was consistently upregulated, while Tumor Necrosis 575
Factor (Ligand) Superfamily, Member 10 (Tnfsf10) was consistently downregulated. 576
Collectively, several cell survival and cell death signaling pathways were involved in 577 H 2 S exposure response. The meaning of all these changes is not clear from this one 578 study. Clearly, a better understanding of cell survival and death signaling pathways in 579 detail requires further studies. 580
To gain insight of brain pathology in live H 2 S exposed mice, non-invasive MRI 581
scanning imaging system was used. T2 weighted imaging showed edema in the IC and 582 TH of mice indicating significant neurodegeneration in these two brain regions on day 8 583 following H 2 S exposure. These MRI results are consistent with our previous histology The origin of H 2 S-induced seizure is yet to be determined. The IC is a part of the brain 588 stem which serves as a major auditory center in the brain. Interestingly, the IC has been 589 linked to audiogenic seizure (Garcia-Cairasco et al. 1996) . GABA plays an important 590 inhibitory role whereas glutamate-mediated stimulation is excitatory to neurons in the IC 591 (Faingold 2002) . The TH has also been linked to different forms of seizures including 592 absence seizure, temporal lobe seizures and generalized seizures (Carney and 593 Jackson 2014). We previously showed that pre-treatment of mice with MDZ, an 594 anticonvulsant agent, protected mice from H 2 S-induced seizures and death 595 biological pathways leading to neuronal loss in the IC. Pulmonary edema and 606 cardiovascular injury may reduce supply of oxygen, which may play a role in inducing 607 the hypoxic signaling pathway. In addition, dysregulation of neurotransmitters such as 608
NMDA and GABA and mitochondrial dysfunction may induce hypoxic signaling pathway, 609
which may lead to calcium dysregulation and cell survival and death signaling pathways. 610
Mitochondrial dysfunction and dysregulated calcium signaling may induce ER stress 611 response and cell death signaling pathway. When cell death signaling pathway 612 overcomes survival signaling pathway, neuronal loss may occur. Seizure activity 613
derived from dysregulation of neurotransmitter system may further affect on neuronal 614
loss. 615 616 Figure 9 . H 2 S exposure activates astrocyte and microglia in addition to neuronal injury. 618
Pro-inflammatory cytokines such as IL-1 and IL-18 from astrocytes and microglia may 619 accelerate neuronal inflammation leading to massive neurodegeneration in IC. 620
621
The analysis for potential upstream regulator(s) after H 2 S exposure revealed an 622 inflammatory response (e.g. TNFα, IL-1β, and IL-6) in addition to transcription factors 623 for cell proliferation and death, such as p53, in all phases of H 2 S-induced neurotoxicity 624 examined in this study. These data indicate that the H 2 S exposure immediately induces 625 a pro-inflammatory response as IL-1β was upregulated immediately following acute H 2 S 626 exposure. IL-1β, IL-18, IL-6, Ccl2, and TNF-α were all upregulated in IC during the 627 early and late phases after H 2 S exposure. In vitro cell culture studies further showed 628 that mouse microglial cells produce IL-1β and IL-18, while human astrocytes cells 629 produce IL-18 at 6h in response to H 2 S exposure. Previously we have shown that glial 630 fibrillary acidic protein (GFAP) was upregulated by acute H 2 S exposure (Anantharam et 631 al. 2017 ). Collectively, these data show that microglia and astrocytes immediately 632 respond to H 2 S exposure and elicit initial neuro-inflammatory reactions. In turn, these 633 reactions unleash powerful neuroinflammation with production of Ccl2, TNF-α, and IL-6 634 leading to neuronal loss and neurodegeneration in the IC (Anantharam et al. 2017 ). The 635 implication of these results is that drugs which suppress neuro-inflammation may be 636 potential candidates for counteracting H 2 S-induced neuroinflammation. 637
Conclusions 638
In the past, the mechanisms of H 2 S-induced neurotoxicity and neurodegeneration 639 have remained poorly understood. In this study, we performed transcriptomic analysis of 640 the IC in mice following acute H 2 S exposure. Results revealed important key molecules 641 and molecular pathways including unfolded protein response, neurotransmitters, 642 calcium dysregulation, oxidative stress, survival/death, hypoxia, and inflammatory 643 response in the IC following acute H 2 S exposure. Potential upstream regulators in IC 644 were found to be inflammatory initiators such as TNF, IL-1β and IL-18. These results 645 are consistent with some of the previous findings which we have published. This study 646 has also proved that in vivo MRI analysis is effective in imaging the lesions in IC and TH 647 following H 2 S exposure. In vitro studies showed that microglia and astrocytes released 648 IL-1β and IL-18 which we hypothesized to be key molecules in orchestrating multiple 649 biological pathways. The overall hypothetical schemes of key events are presented in 650 Activation of PI3K/Akt signaling pathways in the IC after H 2 S exposure was measured 848 by Western blotting analyses. A, Phosphorylation of AKT at both S474 and T308 was 849 increased at the immediate and early response time points following H 2 S exposure 850 compared to the breathing air control group. Expression of PI3K was also upregulated 851 at the immediate and early response times following H 2 S exposure compared to the 852 breathing air control group. Phosphorylation of PKA C at T197 was also increased at 853 the immediate and early response times points H 2 S exposure. Phosphorylation of p-854 70S6k at T389 was increased at the immediate response to H 2 S exposure. B, band 855 intensities of Western blotting in A were measured and visualized in graph view. 856 Activation of the MAPK signaling pathways in the IC after H 2 S exposure was measured 861 with Western blotting analyses. A, Phosphorylation of SAPK/JNK at T183/Y185 was 862 increased after H 2 S exposure compared to the breathing air control group. 863 Phosphorylation of p38 was increased at the immediate and early response times 864 following acute H 2 S exposure. Expression of ATF2 was upregulated at early and late 865 response to H 2 S exposure compared to the breathing air control group. B, band 866 intensities of Western blotting in A were measured and visualized in graph view. 867
Significant differences were determined by t-test with comparison to breathing air 868 control group and were indicated with *(p<0.05) or **(p<0.01). 869 870 Figure 6 . Acute exposure to H 2 S induced brain lesion in IC and TH 871
Mice were acutely exposed to H 2 S daily for 7 days, followed by scanning T2-weighted 872 MRI. A scheme of the exposure paradigm is shown (A). The MRI images of the IC and 873 Mouse microglial cells and human astrocyte cells were exposed to 1mM of sodium 878 hydrosulfide (NaHS) for 6 h. Expression of IL-1β and IL-18 was examined using 879 quantitative RT-PCR. Gene expression was compared to control group. Gapdh was 880 used as internal reference gene. Significant differences were determined by t-test with 881 comparison to breathing air control group and were indicated with **(p<0.01) or 882 ***(p<0.001). Pro-inflammatory cytokines such as IL-1 and IL-18 from astrocytes and microglia may 899 accelerate neuronal inflammation leading to massive neurodegeneration in IC. 900 whereas lower value of z-Score for inactivation of potential upstream regulator. 916
